In this study, the structures and mechanical properties of the silver-titanium dioxide nanocomposite material were investigated using Atomic Force Microscopy (AFM).
Introduction
Recently, much research has been conducted into exploring the field of nanotechnology. Studies focus on the components, applications, characterization, and synthesis methods in order to obtain the best nanomaterials with optimal mechanical and physical properties, which are vastly different compared to macro-scale materials.
Many nanomaterials are used in medical applications or coating due to their excellent properties against bacteria. Silver-based nanomaterials are known for their antibacterial activity, as they generally possess excellent mechanical properties and can release heavy metal ions to cause damage to bacterial DNA. Various methods for the synthesis of silver nanomaterials have already been investigated and proven satisfactory; shapes obtained include nanoparticles, nanorods, triangular nanocomposites, and nanospheres [1, 2, 3, 4, 5] . On the other hand, silver and titanium dioxide nanomaterials have been explored by many researchers as they can be synthesized through various methods, including Sol-Gel, Micelle, and Inverse Micelle, Hydrothermal, Solvothermal, Electrodeposition, Chemical Vapor Deposition, Physical Vapor Deposition, HVPG, and Sonochemical [6, 7, 8, 9, 10, 11, 12] .
Titanium dioxide containing different amounts of silver was synthesized by sol-gel methods in which the silver can be incorporated by irradiating the reaction mixture during preparation. The silver is homogeneously dispersed throughout the material and thus a more effective photocatalytic material can be produced. The efficiency of the materials can also be examined by a Q-Sun solar simulator. The results revealed that the addition of a higher amount of silver significantly increases the rate of degradation of a model dye (R6G). This phenomenon can be attributed to the increasingly visible absorption capacity of silver nanoparticles [13] . The other result is that the Ag/TiO 2 core-shell nanowires were successfully synthesized where the thickness of titanium dioxide coating is about 10 nm. This results showed good photocatalytic activities [14] .
The Photoreduction method was used to modify TiO 2 with Ag nanoparticles. The TiO 2 /Ag nanocomposites were used for water purification and disinfection of E. coli under ultraviolet (UV) irradiation. The study reported that metallic Ag nanoparticles were firmly immobilized on the TiO 2 surface and by improving the electron-hole separation at the TiO 2 /Ag interface. The nanocomposites were reported to be stable and could be repeatedly used under UV irradiation [15] .
Besides photocatalytic and water purification, silver-titanium dioxide nanocomposite materials have been found to be effective for various applications, such as medical and dental technology [7, 16, 17, 18] , virus inactivation [19] , self-cleaning applications [20, 21] , Photovoltaic cells [4] , and food industry applications, including food processing, food packaging, nutraceutical delivery, and food safety/sensing [22] .
There are different methods for synthesizing silver-titanium dioxide nanocomposites with high purity yields. However, the mechanical and physical properties of silvertitanium dioxide nanocomposites still need to be investigated further. This study strives to rectify the lack of data and research regarding the mechanical properties of silver-titanium dioxide nanocomposites. Data harvesting of mechanical properties utilizes SEM-AFM for surface roughness and AFM for hardness and reduced Young's modulus. The hardness of the silver-titanium dioxide nanocomposite is obtained from instrument indentation of the AFM tip and the contact area that strikes the material. The reduced Young's modulus is obtained from slope calculations during indentation load and displacement. Measurements are taken during loading and unloading [23, 24, 25] .
As an antibacterial agent, silver-titanium dioxide nanocomposite materials are widely known for their anti-pathogenic ability; studies have reported efficacy against various strains of Gram-positive bacteria (B. subtilis, S. aureus, MRSA), Gramnegative bacteria (E. coli, K. pneumonia, P. aeruginosa), and fungi (C. albicans) [2, 26, 27, 28] .
Additionally, it should be mentioned that previous studies regarding synthesis of nanomaterials often required the use of aggressive chemical materials as reducing agent, like hydrazine [29] , sodium hydroxide, sodium borohydride, and hydrochloric acid [30] . Although these methods were reported to be successful in producing pure and well-defined nanoparticles, the cost-efficiency and environmental damage is not comparable and relatively high. Consequently, there is a need for development of more cost-effective and environmentally friendly methods. The choice of synthesis nanomaterials with free solvent system, free from reducing agent, and free from hazardous capping agent is one of the main reasons why we used the presented methods. This study aims to explore and reveal the mechanical properties of silver and titanium dioxide nanocomposite materials with anti-bacterial capabilities. In our current study, we present a simple horizontal vapor phase growth (HVPG) technique to synthesize Ag/TiO 2 nanocomposites. This technique was able to eliminate the pollutant and guarantee the purity of the nanocomposites because it is sealed in the vacuum tube, and as such can be considered an effective and environmentally friendly synthesis method for such nanocomposites -even more so since it only uses non-aggressive chemical materials. In addition, it is a one-pot method with significantly fewer steps than solution-based techniques.
Materials and methods
A schematic of the materials preparation and laboratory experimentation in this study is shown in Fig. 1 . An amount of 17.5 mg e each of silver powder and titanium dioxide e was measured out on a digital weighing scale, mixed and placed in quartz tubes sealed on one end.
The sealing process was carried out in the vacuum machine under low pressure in order to remove pollutants or contaminants and increase purity. After sealing, the tube was then baked in the furnace under specific parameters. Analysis of the nanocomposite materials was then done through SEM-EDX and AFM. The best parameters for baking were selected based on the diameter and shape of the materials.
Lastly, the nanomaterial was tested using the pour plate technique to determine the efficacy of its anti-bacterial activity.
Synthesis of nanocomposites
The HVPG technique was used in this study to synthesize silver-titanium dioxide nanomaterials. The procedure for HVPG is shown in Fig. 2 .
The Same amounts of Silver powder (99% purity) from Aldrich and titanium dioxide powder from Degussa P25 were measured (17.5mg each) ( Fig. 2(a) ). Both materials were then placed in a quartz tube sealed on one end and were then manually mixed ( Fig. 2(b) ). After mixing, the quartz tube was placed vertically in the High Vacuum machine and set to a pressure of 10 À6 Torr z1.3 Â 10 À4 Pa ( Fig. 2(c) ).
After being placed in the low-pressure machine and having both ends sealed, the quartz tube was then placed horizontally inside the furnace and the temperature was adjusted for the baking process ( Fig. 2(d) ). This study used a total of 27 combinations of different settings for the parameters of temperature, baking time, and zones, necessitating 9 different tubes. The tube configuration is shown in Fig. 2 (e). Table 1 summarizes the parameters for the study: there are three growth temperatures (800 C, 1000 C, and 1200 C) and three baking times (4 hours, 6 hours, and 8 hours). Each quartz tube is further divided into 3 zones, which leads to 27 possible combinations in total.
Characterization of nanocomposite
SEM-EDX spectroscopy was used to characterize the silver-titanium dioxide nanocomposite materials. SEM was used to determine the shape and measure the diameter of the nanocomposites. The measurement technique used three samples with different spots in a single zone. EDX spectroscopy was used to conduct an elemental analysis, especially to quantify the amount of silver and titanium dioxide in each setup, therefore giving the percentage of each component. From SEM, the optimal combination of parameters can be determined, and the one selected to produce the best results underwent AFM to determine mechanical properties. SEM in this study was used JEOL 5310 type and EDX (Oxford with Link Isis). The AFM used XE100 from Park system and the test was obtained at the Sigmatech Inc. The Philippines.
Anti-bacterial test
An anti-bacterial test was used in this study to investigate the silver-titanium dioxide nanocomposite material's efficacy in eradicating bacteria. The method used was the Fig. 3(a) ).
Around 5 ml of the bacterial culture was then poured into three different tubes, with two tubes containing the silver-titanium dioxide nanocomposite and one tube empty, as shown in Fig. 3(b) . From each tube, 1 ml was then transferred to another tube with 9 ml of sterilized water (Fig. 3(c) ), constituting the 10 À1 dilution. Serial dilutions were then carried out until a dilution factor of 10 À6 was obtained.
From each dilution tube, 1 ml (1 microliter) of liquid was then transferred to three petri-dishes as shown in Fig. 3(d) , resulting in 18 dishes per tube, for a total of 54. The set-ups were then isolated for 18 hours before performing analysis through counting the number of bacterial colonies in each petri dish ( Fig. 3(e) ). 3. Theory
HVPG technique
The material undergoes several changes as it passes the various stages of HVPG. The materials start in solid form on the macro scale. As they bake horizontally in the furnace, the materials slowly change from solid to liquid (at the melting point) and then to gas (at the boiling point). These changes are reversed as the materials slowly cool down to lower temperatures during condensing and time-adhering to the surface of the quartz tube as a liquid with various sizes, shapes and diameters and in the final process, the materials were completely stable at the nano-solid scale.
The materials conversion schematic is shown in Fig. 4 .
Hardness
AFM was used in this study to investigate the hardness of the silver-titanium dioxide nanocomposite material. The hardness of the Ag/TiO 2 was computed based on the Eq. (1) [31, 32] .
where H is the hardness of the silver-titanium dioxide nanocomposite (kPa), P max is the maximum load (N), and A is the projected area used on the indenter during AFM test (m 2 ). 
Reduced Young's modulus
The reduced Young's modulus can be calculated from the Eqs. (2) and (3) [31, 32] .
where s is the slope from the indentation nN nm and E r is the reduced Young's modulus (kPa), and A is the projected area used on the indenter during AFM test (m 2 ). membranes. For all parameter combinations, SEM imaging was used to determine the shape and diameter of nanocomposites. Fig. 7 shows the distribution of diameter measurements of the silver-titanium dioxide nanocomposite material for all 27 parameter configurations. The measured diameters varied in scale from micro size (24.8 mm) to nano-scale (0.22 nm). From Fig. 7 the diameters of the synthesized nanocomposites are widely distributed, ranging from micrometer to nanometer level. The wide range is caused by material that has not been fully synthesized, and the deposited material is unchanged (on the micro level). The micro-materials are also caused by titanium dioxide that is not fully converted into nano-scale materials.
Results and discussion

SEM and EDX
In the previous studies, the type of materials and particle size used for coating as well as excellence in anti-bacterial performance are two important factors affecting the resulting antimicrobial efficiency and effectiveness. As an example, nanomaterials have different properties compared to the same materials with larger particles. In fact, surface or volume ratio of nanomaterials increases considerably with a decrease in the size. Furthermore, in the case of Ag/TiO 2 nanocomposites, it could interact with the bacterial membrane, leading to bacterial membrane damage, subsequently killing the bacteria. There are two methods of how Ag/TiO 2 eradicates bacteria.
First, it would initially accumulate on the surface of the bacterial membrane, penetrate the bacteria, changing the permeability of the bacterial membrane and damage the membrane. Secondly, it assumes geometrical forms with sharp edges, such as triangular or rod shapes and breaks the bacterial membrane. These parameters of nanocomposites include size, shape, and surface. Particularly, it was found that nanomaterials with small sizes result in high efficacy in damaging the bacterial membrane, compared with the bigger size [2, 8, 18, 33, 34] .
Based on the study, the determination of the best parameter was obtained by sorting the best combinations from SEM images and diameter measurement of nanocomposites from Fig. 6 and Fig. 7 . The best combination was obtained for the tube with growth temperature 1000 C and a baking time of 8 hours. Fig. 8 presents the SEM image and EDX analysis. It shows that the majority of the silver-titanium dioxide nanocomposites were shaped as nanorods. The EDX shows the presence of Si which are the quartz-tube materials as well as Au that represent gold as coating material before being placed inside the SEM machine.
The materials' shapes vary by zone in the different tubes. This data is summarized in Table 2 . Geometrically, nanorods are the most promising shape for nanocomposite materials in terms of anti-bacterial capability as seen in Table 2 , the quartz tube with a growth temperature of 1000 C and a baking time of 8 hours had nanorods in all three zones. The setups numbered 16, 17 and 18 were the ones selected for further analysis via AFM and anti-bacterial activity because they contained nanorods in all zones, with zone 2 (No. 17) having the smallest range of nanocomposite diameters.
AFM analysis
Surface roughness (3D)
AFM analysis was carried out on samples from the quartz tube with set-up no.
17, the parameters being a growth temperature of 1000 C and 8 hours of baking time. Fig. 9 shows the AFM result from quartz tube No. 17. The length of the material varied from 10.961 nm to 216 nm and the elevation of the nanorods ranged from 2.266 nm to 11.997 nm. The summary of the data gathered from AFM is shown in Fig. 10 for the diameter of the nanocomposites and Fig. 11 for their elevation. that are shown in Fig. 8 . The nanocomposite materials are vertically positioned, allowing them to be able to disrupt bacterial cell membranes.
Hardness of nanocomposite
AFM was used to determine the hardness of the silver-titanium dioxide nanocomposite material. Hardness of Ag/TiO 2 nanocomposite was calculated using Eq. (1), and the result is shown in Eq. (4). where H is the hardness of the silver-titanium dioxide nanocomposite (kPa).
Reduced Young's modulus of nanocomposite
The reduced Young's modulus of the nanocomposite was determined through AFM and calculated using Eq. (2), and the result are shown in Eqs. (5) and (6). 
where E r is the reduced Young's modulus (kPa).
AFM analysis is used to analyze the surface topography of the samples containing Ag/TiO 2 . By using AFM, the images obtained allow for calculation of the surface roughness and hardness of the material. The AFM analysis is a new analysis that used the HVPG technique to obtain the 3D image of nanocomposite. In this study it is shown that the combination between Ag/TiO 2 create sharp-end nanocomposites with the hardness of the composite being 105.5 Pa. The 3D shape of the nanocomposites is critical since in this study, the mechanism of nanocomposites eradicating bacteria relies on its form to break the bacterial membrane. The sharp ends of nanocomposites as confirmed by the bacterial test with Ag/TiO 2 are capable to eradicate bacteria by using its form. Similar studies are also reported from previous research [35, 36] , which indicate that the sharp-end nano-structures are one of the main reasons for the effectiveness of nanocomposites against bacteria.
Pour plate technique
The pour plate technique was used to test the antibacterial activity of silver-titanium dioxide nanocomposite against Staphylococcus aureus with dilution factors of 10 À1 to 10 À6 . Fig. 12 shows the colony counts for the various set-ups with dilution factor 10 À5 . A tube with nanocomposites can eradicate bacteria with promising results of more than 50 %. Moreover, by increasing the dilution factor to 10 À6 , the results show that by using Ag/TiO 2 nanocomposites material, 100 % of the bacteria can be eradicated as shown in Fig. 13 .
Comparing the present study with other studies, it can be noted that only few studies have been reported on the antibacterial eradication by nanomaterials in the shape of nanorods. Jan et al. [37] have reported synthesizing Ni doped ZnO nanorods by using analytical grade zinc chloride (ZnCl2), nickel chloride, acetic acid and NaOH that are capable to eradicate bacteria. Au nanorods synthesized using confined convective assembly methods have been observed by Zhu et al. [38] . The results show the nanorods can eradicate the bacterial in combination with laser irradiation.
The Ag/TiO 2 nanorods were reported by He et al. [39] by using the Oblique Angle Deposition method. This method is similar to the HVPG technique since it used quartz tube sealed in a vacuum chamber annealed under high temperature. The results show the nanorods sizes are quite big, approximately 9 nanorods/mm 2 and without any antibacterial test result. Although the previous results show the nanorods were capable to eradicate bacteria, there is still lack of information about the geometrical shape related to antibacterial properties. The present study shows the first analysis that establishes a relation between the nanorods' geometrical shape and bacteria in 3D shape by using AFM as well as calculating the hardness of the nanocomposite material. The present study shows that bacteria can be eradicated not only by releasing ion from the nanomaterials, but also by capability of eradicating bacteria using its shape.
Conclusions
The present study reports the successful synthesizing and characterization of the Ag/ TiO 2 nanocomposites by using the HVPG technique. The study obtained the nanocomposites' structures, mechanical properties, and bacterial performance, which are important parameters for use in future applications such as medical, coating technology and filter applications. The study also revealed Ag/TiO 2 with various shapes such as nanoparticles, nanospheres, nanorods, nanotubes, triangular nanocomposites, and nanocrystals are successfully synthesized. Moreover, this study successfully produced nano-scale composite materials with unique shape (nanorods with sharp-ends) and can eradicate bacteria because of their geometrical shape. The length of the nanocomposites is varied from 10.9 nm to 216 nm and the elevation of the nanorods ranged from 2.3 nm to 12 nm with the hardness being 105.5 Pa.
The results show sharp-end nanorods have an optimal geometry that can naturally break through the bacterial cell membrane, causing the bacterial cell to dry out and die. More importantly, the results from pour-plate technique demonstrate that Ag/TiO 2 with sharp-end nanorods are capable to eradicate bacteria with more than 50 % efficiency.
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